High precision mapping of the vacuum flux surfaces of the H-1NF heliac is carried out using electron-beam multiwire tomography for various magnetic configurations and field strengths. The extreme accuracy of this technique has been exploited to understand the nature of error fields and to determine the best-fit empirical values for the H-1NF coil parameters, by point-by-point matching experimental surface data with computer modelling results. This has helped in developing a highly accurate computer model for H-1NF magnetic configurations.
Introduction
Well-nested magnetic flux surfaces are essential for plasma confinement in fusion devices [1] . However, actual fields can significantly vary from the designed values for various reasons (e.g. stray magnetic fields, coil placement error, magnetic materials in the vicinity, design imperfections etc). These error magnetic fields can influence the performance of the fusion devices [2] [3] [4] [5] . Hence, it is important to develop an improved practical understanding of these error sources in order to compensate for them during operation. Unlike in tokamaks, in stellarators, magnetic flux surfaces exist in the absence of plasma and can be mapped by electron beam techniques. This can shed light on the error fields present-essential in verifying the magnetic properties of a newly constructed device, and can help in accurate modelling of the magnetic geometry. The goal of the work reported in this paper is to produce an accurate model for the magnetic field of the H-1NF heliac stellarator which can be used in future research and provide some insight into the effect of the magnetic environment. (It has been found that a highly accurate determination of magnetic geometry is necessary to explain the Alfvénic activities [6] and the magnetic island effects [7] observed in the H-1NF plasma.) One of the aims was to estimate the magnitude of positional errors in construction and the corresponding effect on the magnetic surfaces. To this end, a coil configuration was chosen which comprises a majority of simple circular elements for which errors could be easily quantified, and a single helical winding which can be deactivated in the 'standard' configuration (see section 2). As will be described, the key fitting parameters are optimized manually by examination of the most sensitive configuration for each parameter.
Many different techniques have been used for mapping stellarator magnetic flux surfaces [8] [9] [10] [11] [12] [13] [14] . Wire tomography in the H-1NF heliac provides high resolution images of vacuum magnetic flux surfaces and islands without significant disruption of plasma operations [15, 16] . This technique has recently been modified to map magnetic islands in detail, at low and high magnetic fields [17] . As low electron energies are used (∼20 eV, compared with 100-200 eV in other techniques), drift effects are minimized (important at lower magnetic fields), and the mapped drift surface is a very good approximation to the actual flux surfaces. Tomographic inversion produces electron-beam images directly in machine coordinates. Therefore, a precise point to point matching with computer tracing is possible. This has helped in understanding the actual error fields and determination of the best-fit empirical values for the H-1NF magnetic parameters. The main improvements over the previous model of H-1NF are the pointby-point matching, which for the first time includes ι in the fitted parameters (where ι = n/m is the rotational transform, n and m are the toroidal and poloidal winding numbers, respectively), and a more accurate location of the 'punctures' by eliminating the image mapping step that was required when using a camera. Experimental and computational results are presented in this paper.
Experimental setup
H-1NF is a medium sized heliac [18] with major radius ∼1 m and average plasma minor radius ∼0.2 m. The coil system of H-1NF allows the configuration to be varied across a broad range, 0.6 < ι < 2.0. This allows avoidance of major rational surfaces and islands in the main confinement volume [19] . The variation is achieved by selectively controlling the ratio of currents in some of the coils with respect to the central ring conductor. The two main configuration control parameters of H-1NF are (a) κ h = I hw /I ring , ratio of the currents in helical winding to that of ring conductor and (b) κ v = I ovf /I ring , ratio of the currents in the outer vertical field coils to that of ring conductor. Figure 1 shows the coil structure of H-1NF.
For the experiments reported in this paper, three magnetic configurations which are most relevant to plasma experiments, and insensitive to power supply ripple (as explained in a coming paragraph), are mainly used:
Rotational transform profiles and computed flux surfaces for these three magnetic configurations are shown in figure 2.
Flux surfaces from each of these configurations were mapped using wire tomography and compared with the computer model. Many different magnetic configurations were used for verifying the results, and the corresponding values of κ are given. As the thermal stresses in the coils limit the steady-state operation to lower magnetic fields (<0.1 T), the main coil (ring conductor and also the TFC) current was chosen to be ∼1000-1500 A for most of the studies.
When separate power supplies are used for selectively varying the current ratios, differences in ripple in the power supply currents can introduce a small ripple in the value of κ. This causes the beam to dither or spread out slightly for some of the mapping results. For the 'standard' (κ h = 0 and κ v = 1.0) and 'full helical' (κ h = κ v = 1.0) configurations, all involved coils are connected in series to a single power supply, either a motor generator (MG) or the large computer-controlled programmable power supply [18] . This effectively setsκ = 0 during mapping and avoids ripple induced beam spreading. For some configurations, different κ v is achieved by tapping outer vertical coils at appropriate turns instead of using two power supplies, to achieve such 'ripple free' configurations. For example, for the 'half vertical' configuration (κ h = 0, κ v = 0.5), only four turns of the outer vertical coils are used, instead of eight. Because the key model parameters are determined from ripple-free configurations, and because ripple in other configurations is small (κ is found to be <0.0035) ripple has a negligible effect on the final model parameters.
The multi-wire assembly (described in detail in [15, 16] ) consists of 64 fine molybdenum wires stretched on a circular rotating frame. This is permanently installed in the H-1NF vacuum chamber at toroidal cross section φ = 85
• . Rotation of this assembly with minimum wire vibrations and accurate angle steps is achieved by a computer-controlled micro-stepper motor. For a typical high resolution full surface scan, the wire grid is rotated at an angle step of ∼0.5
• , to make a total angular rotation of ∼220
• . When not in use, the whole wire assembly can be moved to a 'park' position, leaving the magnetic flux volume free for the plasma experiments. Electrons are injected along a field line of a magnetic flux surface from the electron gun situated at toroidal angle φ = 35.2
• . The wire grid is rotated in steps (inwards or outwards) to intercept the beam transits. Current collected by each wire is recorded at each rotation angle using a 64 channel multiplexer. The sinogram obtained (collected current as a function of the rotation angle and wire number) is then inverted using both a simple back-projection (summation) method and the algebraic reconstruction technique (ART) [20, 21] . The HELIAC code [22, 23] has been used for the computer modelling of H-1NF vacuum configurations. Originally from Princeton Plasma Physics Laboratory, this is a field line tracing code, in which coils are represented as currentcarrying (piecewise linear and circular) filaments, and an analytical function for external vertical field with specified index and radius of curvature. Calculations include location of magnetic axis, flux surfaces, rotational transform, magnetic well, magnetic flux, shear etc. Three models 4 are considered in this paper, 'as-built', 'intermediate' and 'model2008'. Common features include 36 circular filaments for the TFCs, one circular filament for the poloidal field coil (central ring conductor) representing 36 turns and four separate piecewise linear filament models for the three-period helical winding of four turns over the central ring conductor. The inner and outer vertical field coils consist of 16 and 12 turns, respectively, represented in the model by single turn circular conductors.
For the 'as-built' model, which is the reference model for the analysis, the coil parameters have been updated with the best available as-built measurements. Some of the fine details like the current cross-overs and bus-bars are omitted from the as-built model, so they can be treated separately as error
Error estimation and computer modelling
The computed magnetic flux surfaces are compared with the experimentally mapped surfaces by overlaying one on the other. For a perfect-fit computer model, the computed points should exactly superimpose on the mapped points ('puncture points'), if the starting points are the same. For each mapping, we define a 'best-fit' model which gives a flux surface with the same rotational transform and surface area as the mapped one. Surfaces with ι near a rational value provide a sensitive measure of rotational transform, and whether the surface is above or below the resonant surface can be distinguished by the rotation of the points in clockwise or anti-clockwise directions. It is possible (see [7, appendix C]) to very accurately calculate rotational transform of a near-rational surface from the mapped surface, if the rational number is known. For this reason and also to selectively emphasize certain error components, we have used several different nearrational surfaces wherever possible and confirmed the results with configurations exhibiting magnetic islands. The ultimate aim is to converge to a single model which provides a very good fit for all magnetic configurations of H-1NF.
Superimposition of the experimentally mapped flux surfaces for the three magnetic configurations on the corresponding computed flux surfaces from the 'as-built' model is shown in figure 3 . It is observed that the rotational transform ( ι) 5 , shape and position (in the R-Z plane) of the mapped surfaces are a little different from the computer code predictions for the as-built model. The extent of deviation from the model differs for different configurations, as apparent from the figure.
The deviations of the experimental results from the computer predictions of the as-built model are due to (a) small variations in the coil parameters from the designed values which are used in the code and (b) stray magnetic fields in the laboratory due to the magnetization of ferromagnetic materials around the laboratory and in the floor, possibly exacerbated by recent high field operations (0.5 T) of the machine. Two possible candidates for the first scenario are the positional offset in the ring conductor and the effective swing and the major radii of the helical windings. An offset in the position of the ring conductor in the X and Y directions, relative to the centre of the TFC support structure, of −1.5 and 2.0 mm has been introduced in the past to match the mapping results from a fluorescent rod [14] . The helical winding is the only non-circular coil in H-1NF. Therefore, its parameters cannot be measured as accurately as all other coils in H-1NF.
The error sources have different 'signatures'. To identify these, the effects of the main error sources on the as-built model have been computed separately for each of the three configurations (tables 1 and 2). Displacement of the magnetic axis due to the error fields is summarized in table 1. Here effects of stray magnetic fields in the X, Y and Z directions are modelled by including appropriate Helmholtz coils in the as-built model. (Please note that the values are tabulated for toroidal angle φ = 0
• , and may be different at other toroidal angles.) Figure 4 shows the effect of various error fields on the location and the surface area of flux surface for the 'standard' configuration. This process has been repeated for the other two configurations. The percentage change in rotational transform (δ ι/ ι × 100), for a constant flux surface area, due to various error fields is tabulated in table 2. It may be noted that some of the error sources have similar effects on the ι and the surface area for a particular configuration. As horizontal stray error fields (B x and B y ) are asymmetric to the three-period H-1NF, they can have different effects at various toroidal cross sections. Because of the difficulty in determining this with only one mapping location on the machine, we have used symmetric error fields as far as possible to obtain an empirical model. Also, scans to very low magnetic field indicate that the horizontal components are small.
The stray magnetic fields in the laboratory have been measured at zero coil current using a three-axis Hall probe. It has been observed that the vertical and radial (horizontal) components of the stray magnetic field are ∼ 9.5 G and 2 G, respectively, just above the floor at R ∼ 1 m from the machine centre (corresponds to the major radius of H-1NF, but well below the plasma). The radial component of the stray field at the device mid-plane (about 2.1 m above the floor) reduces to less than 1 G whereas the vertical component remains at a significant value of ∼4 G. This shows that the previously demagnetized floor may have acquired a significant residual magnetization due to high field (0.5 T) operations. Because of the helical magnetic axis, during a toroidal transit, the flux surfaces move both above and below the mid-plane. The amplitude of the vertical error field due to the magnetized floor at the position of the plasma is therefore different at different cross sections. Thus the magnetic field lines experience a toroidally varying error field with the toroidal wave number n = 0. The varying component of this field can resonate spatially with surfaces of rational rotational transform ( ι = n/m, where m is the poloidal mode number) and produce magnetic islands. The locations of magnetic axes for each of the three configurations have been determined using a Langmuir probe and electron beam. (Axis measurements could not easily be made with the surface mapping technique, as when the gun is near the axis, the electron beam hits the back of the electron gun after just one transit. So just one transit is observed anywhere in this region.) Electrons launched from an electron gun situated at a toroidal cross section φ = 35.2
• are collected by a Langmuir probe at φ = 0
• . For a fixed gun position (that is, a given flux surface), two dips in the floating potential are obtained when the Langmuir probe is moved radially, corresponding to two intersections of the probe with the electron beam (flux surface). The mid-point between these dips gives a good approximation of the magnetic axis. Measurements have been repeated for many different surfaces (different gun positions) for each configuration. The position of the magnetic axis has thus been obtained. The radial shift of the magnetic axis ( R) between these configurations has served as a valuable input for the modelling.
Identification of the error sources to develop a best-fit model demands an iterative approach; the effect of various errors is not the same on all the magnetic configurations because of differing amplitudes of error fields in the configurations and different profiles of rotational transforms. Also the best-fit coil parameters for a particular configuration are not unique, especially for the configurations using helical windings, as will be discussed later. As mentioned before, three magnetic configurations which are very different in their κ values and relevant to plasma operations of H-1NF-the 'standard', the 'full helical' and the 'half vertical'-are mainly used for this process. However, flux surfaces from many other configurations have been mapped and compared with the computer model at various stages of the modelling, including the m = 1 and m = 2 islands.
Stage I: κ
Initially, 'standard' (κ h = 0 and κ v = 1.0) and 'half vertical' (κ h = 0 and κ v = 0.5) configurations are chosen for the study. These two configurations do not energize the helical winding, which simplifies the problem as the number of variables in the model is reduced by two; the effective major radius (R hw ) and the swing radius (ρ hw ) of the helical winding. The effects of the winding cross-overs for the ring conductor are included in the model. (The 7/6 islands formed in the 'standard' configuration are mainly due to the inclusion of current crossovers for the central ring conductor in the model.) The effects of the current in the connecting leads and buss bars, and the ferromagnetic components in motors used for various diagnostics were found to be insignificant. The stray field measurements, locations of magnetic axis measured with the Langmuir probe and the previous setting of the X and Y offsets in the ring conductor served as guiding factors in the process of iteration.
After a large number of iterations, very good agreement with the experimental results has been obtained for both the 'standard' and 'half vertical' configuration with the following modifications in the as-built model.
(i) The addition of a vertical error field of ∼0.75% to ∼0.85% of B 0 , depending on the configuration and operating coil current, where B 0 is the nominal magnitude of the total field on the axis (B 0 = 1.0 T for a coil current of 14 kA for the 'standard' configuration). This corresponds to ∼6 G at 1000 A coil current. The vertical error field is observed to be increasing almost linearly with coil current for currents above 1000 A (see figure 5 ). The error field of 0.85% of B 0 changes the vertical component of the total magnetic field at the axis by 1.7% at φ = 0
• and by 5.8% at φ = 85
• for the 'standard' configuration. This has been experimentally confirmed by a careful magnetic field measurement using a 3-axis Hall probe at lower coil currents (∼1500 A). An attempt has also been made to understand the source of the error field. Two factors point to the outer vertical field (OVF) coils: the main component of the error field is vertical and the OVF coil set has by far the greatest flux linkage with the reinforcing steel in the floor and walls. A scaled model (1 : 10) of the H-1NF outer vertical field coils was made using two circular coils of ∼200 mm in radius. The effect of magnetic materials around the device was modelled using appropriately scaled iron rods, mesh and loops. It has been observed that the presence of these magnetic materials increases the vertical component of the magnetic field at the centre of the model coil assembly by ∼5%. Our experiments on H-1NF, powering the different coils individually, indicate that the magnetization induced in this way by the outer vertical field coils could explain about half of the error field. Evidence indicates that the observed additional vertical field can be largely attributed to the magnetic materials around the machine, including the reinforcing in the concrete floor.
Shown in figures 6 and 7 are the best-fit surfaces for the 'standard' and the 'half vertical' configurations, respectively, overlaid on the mapped surfaces.
Stage II: the helical winding
Having obtained a best-fit model for the 'standard' and the 'half vertical' configurations, which do not use the helical winding, a model for the 'full helical'(κ h = κ v = 1.0) configuration can then be developed. This configuration has the helical winding in series with other coils, i.e. κ h = 1.0. As mentioned earlier, the helical winding is the only non-circular magnetic coil in the H-1NF and the two helical parameters, the major radius R hw and the swing radius ρ hw , are difficult to measure accurately. These two parameters are empirically obtained using the procedure outlined next. (It has been reported that at least ten filaments have to be used to model the helical conductor of the Heliac TJ-II in order to reproduce the experimental rotational transform values 6 . It was found that representing each helix by four filaments (16 in total) distributed within each physical conductor produced no significant change in rotational transform, possibly due to the less complex helical winding configuration in H1.)
From the design data for the helical winding and estimates of the as-built deviations, the swing radius ρ hw lies between 0.0900 and 0.100 m and the major radius R hw is essentially the same as the radius of the ring conductor, i.e. 1.0 m. For the as-built model, 0.0950 m and 1.0 m have been used for ρ hw and R hw , respectively. As a first step, the X and Y offsets of the ring conductor, −0.5 mm and +2 mm, respectively, were applied to the helical winding as well, because this winding is intimately connected by many welds to the ring conductor. The sensitivity of the rotational transform for this configuration to the helical winding parameters is explained in table 3. It can be shown that more than one combination of R hw and ρ hw can provide the rotational transform and surface area, which is in good agreement with the mapped results. In order to get a unique value for these two parameters, this process has been repeated for the configuration exhibiting the m = 2 islands (κ h = κ v = 1.27). (The location of the magnetic islands is sensitive to the helical parameters, as explained in coming sections.) A set of values for R hw and ρ hw for each of Table 3 . Table showing the sensitivity of the rotational transform ( ι) to the helical winding parameters for the 'full helical' configuration. The reference is the as-built model for the same configuration. It has to be noted that any slight differences in the swing radius in each swing period, if present, have not been accounted for in the model at present. The estimated effective helical swing radius of 0.0983 was subsequently found to be close but a little higher than the design engineer's log book estimating an 'as-built' increase in between 1.7 and 2.2 mm above the design target of 95.5 mm. Shown in figure 8 are the experimentally mapped surfaces from the 'full helical' configuration overlaid on the best-fit computed surfaces using the new empirical values for R hw and ρ hw .
Stage III: magnetic islands
The characterization of configurations exhibiting magnetic islands provides additional information on the fine details of the magnetic field errors. As mentioned before, configuration exhibiting the 'natural' m = 2 islands (κ h = κ v = 1.27) has been used to obtain a unique value for the helical winding parameters, as the location and size of these islands are highly sensitive to the swing and the major radii of the helical winding ( figure 9 ). Because the effect on the m = 2 harmonic is different for R hw and ρ hw , mapping of the m = 2 islands has also provided information about the internal rotational transform ( ι i ) of the island. Comparing this with the computer code results has helped in verifying/fine-tuning the parameters As mentioned before, the X and Y offsets in the ring conductor mainly affect the m = 1 islands. The shape and locations of the m = 1 islands for different X and Y offsets are shown in figure 11 . This configuration requires the current in the helical winding flow in the reverse direction compared with the normal 'full helical' configuration (κ h = −0.4 to −0.5). Mapping of the m = 1 islands has been done using the wire tomography and found to be in good agreement with the new model predictions, as shown in figures 12(a) and (b). There was no attempt to match the internal rotational transform of these islands because accurate mapping is difficult as the rotational transform is close to unity (the successive transits are so close that they cannot be unambiguously resolved. Computed ι for the matching surface is 1.04). However, as the surface position and shape are extremely sensitive to rotational transform in this range, the result produced in figure 12 is sufficient to confirm the new magnetic parameters of H-1NF.
Modifications to the new magnetic model are compared with the as-built and the intermediate models in table 4. The model with the best overall fit is 'model2008' and the HELIAC code input file for this latest model is available on the website: http://prl.anu.edu.au/PC/mag geom/.
Modifications to the magnetic properties of H-1NF
The rotational transform profiles and the magnetic well profiles of H-1NF with the as-built model, intermediate model and the model2008 are shown in figures 13 and 14, respectively. It can be seen that the error fields have a significant effect on the magnetic properties of H-1NF. The rotational transform near the magnetic axis for the 'full helical' and 'half vertical' configurations is reduced by ι ∼ 0.03 and 0.015, respectively from the as-built model with a slight modification in the magnetic shear. The 'standard' configuration exhibits almost the same rotational transform profile as the corresponding 
Conclusion
Wire tomography in the H-1NF heliac provides high resolution images of magnetic flux surfaces and islands. Detailed materials was found and quantified.
The new H-1NF magnetic model (model2008) gives rotational transform of any H-1NF configuration correct to three decimal places. Manual optimization was used in this work because of the complex and critical nature of a point-by-point fit between mapped and computed surfaces. With several innovations, a machineoptimized fit may be possible in future.
The perturbations to the magnetic structure of H-1NF discussed in this paper noticeably affect the magnetic surfaces, but fortunately, in most configurations, do not seriously affect the surface quality. Understanding and, where possible, avoiding these effects is likely to be even more important in larger, more costly next-generation stellarators because they rely on a greater degree of optimization [24] , and more is at stake.
